While vortex pinning in superconductors usually becomes weaker at higher temperatures, we find the opposite behavior for a single vortex line in superfluid 4 He. The pinning steadily increases over our entire measurement range, from 0.15Tc to over 0.5Tc. We propose Kelvin waves along the vortex as a depinning mechanism with the observed temperature behavior.
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Pinning sites can trap vortices in a variety of systems. In superconductors, where vortex motion leads to non-zero resistance, a vast amount of work has been devoted to preventing such motion by introducing defects. Experimental work has shown that defects comparable in size to the vortex core make effective pin centers, and that straight [1] or splayed [2] line defects can increase the pin strength. Yet the mechanisms by which vortices interact with pin sites remain unresolved. Experimentally, pinning becomes weaker as temperature increases, in accord with the general assumption that depinning occurs through thermal activation over local energy barriers. In some materials, a constant rate of vortex motion at low temperature indicates a crossover to quantum tunneling between pin sites [3] . No experiments have been able to probe the actual interactions.
Similar issues appear in studies of neutron stars [4] . Among the few observational handles are rotational glitches consisting of a sharp increase in angular velocity followed by a gradual decrease which asymptotes before reaching the initial rotation rate. A neutron superfluid probably resides among a lattice of nuclei in a star's inner crust. The crust has angular momentum which it gradually loses to external electromagnetic forces. However, the momentum of the superfluid is less well coupled to the outside world. An angular momentum difference builds up between superfluid and crust, culminating in abrupt motion of superfluid vortices that transfers the excess angular momentum of the superfluid to the crust. Mechanisms involving either vortex pinning or friction [5] could govern the behavior, and extracting information about the star's interior requires a detailed understanding of these phenomena.
Here we report studies of a single vortex line in superfluid helium. We observe a steady increase of pinning as temperature increases, for 0.15 < T /T c < 0.6, and suggest that this unusual temperature dependence comes from the interaction of the pin site with Kelvin oscillations of the vortex line. Studying one vortex rather than a sizeable collection simplifies some of the issues in pinning. Helium is also unusual in that the pinning occurs only at the container wall, so our vortex interacts with a single pin site. Surface pinning dominates in superconductors as well for very clean samples [6, 7] or those with surface structures such as magnetic dots [8] .
Our measurements use a brass cylinder of height 50 mm and inner diameter about 3 mm, filled with liquid helium. A fine superconducting wire, about 12 µm diameter, is stretched along the cell, displaced from the cylinder's axis by about 0.8 mm. The data reported here comes from two cells, one drilled (cell A) and the other reamed (cell B). Cell B appears smoother and its inner diameter is larger by 8%. A pumped 3 He cryostat can cool the cell to 300 milliKelvin. We apply a 250 gauss field perpendicular to the wire. A current pulse through the wire excites the wire's vibration by a Lorentz force. The ensuing motion in the magnetic field induces an emf across the wire, which we amplify and digitize.
In the presence of fluid circulation, vorticity can become trapped on the wire. Trapped circulation alters the wire's vibrational normal modes and splits the fundamental frequency [9] , causing the plane of vibration to precess. A vortex can extend along the entire wire or along only a portion. In the latter case, shown in the inset of Figure 1 , the vortex core leaves the wire and traverses the fluid as a free vortex [10, 11] . The splitting of the wire's normal modes from a partially attached vortex increases with the length of the vortex on the wire. We fit the oscillation amplitude to an exponentially damped sine wave to extract the beat frequency. We then convert the beat frequency to an effective circulation; that is, the constant circulation along the wire that would produce that beat frequency. For values intermediate between the allowed quantum states, we can convert the beat frequency to the location of the attachment point, with the assumption that a vortex extends from one end of the wire.
For the experiments discussed here, we rotate the cryostat to create circulation but make our measurements, on the behavior of a partially trapped vortex line, with the cryostat stationary. The free end of the vortex precesses around the cell, driven by the flow field of the trapped portion. Since the wire is off-center, the point where the free vortex attaches to the wire moves up and down during the precession to conserve energy. We detect this motion from the oscillations it produces in the beat frequency [10, 11] . An example is shown in Figure 1 . The oscillation of the attachment point is superimposed on a steady shortening of the trapped vorticity since the free vortex line dissipates energy as it moves. The character of the < κ >= 0 and < κ >= 1 states differs qualitatively from those with intermediate circulation. At these quantized levels, with no partially attached vortices, both oscillations and dissipation cease.
Our most dramatic evidence of strong pinning at high temperature is shown in Figure 2 . Immediately before the data shown, the cryostat was rotated. The beginning of the data set shows steadily decreasing circulation. No oscillations are seen, perhaps because free vortices remaining in the cell from the rotation help pull the circulation off the wire. The circulation then stops abruptly at a non-quantized value and remains unchanged for a full 18 minutes at a temperature above 1 K, with no sign of vortex precession. The system is then cooled to 475 mK, and the vortex dislodges and begins its characteristic spiral path through the cell. Warming above 1 K again produces a constant level which persists for an hour until the cryostat warms up. The simplest interpretation of the absence of both dissipation and precession-induced oscillations is that, at the higher temperatures, the vortex does not move. The high temperature trapping occurs only in cell A. In cell B, with its smoother walls, a vortex appears less prone to pinning.
As shown in computer simulations [12, 13] , a newly pinned vortex oscillates as it settles into a metastable configuration. At low temperature, the oscillation amplitude is large and could bring the vortex close enough to the wall that it frees itself and continues its precession. At higher temperature, the more heavily damped oscillations may do less to detach the vortex. Yet if the lack of pinning at low temperatures indicates difficulty in the initial trapping, then a successfully pinned vortex, once it stabilizes at high temperatures, should remain pinned on subsequent cooling. In practice, cooling below 500 mK reliably frees the pinned vortex, which continues its precession about the cell.
The data of Figure 2 imply strong pinning above 1 K. We have indirect evidence that enhanced pinning persists at higher temperatures than we can measure, since a partially trapped vortex sometimes remains on the wire while we restart the cryostat, during which time the helium is above 1.5 K. A par- tial vortex appears after restarting only when one was present at the end of the previous run. We next present evidence of a steady increase in the pinning strength with rising temperature. Our argument hinges on the temperature dependence of the dissipation from the precessing vortex line, so we first consider the dissipation mechanisms observed to date in superfluid helium. We begin by estimating the energy loss rate for the circulation decay in Fig cm/s andU = 1.7 × 10 −10 erg/s. Next we find the expected dissipation from bulk mutual friction, again assuming an on-center wire. The drag force per unit length of vortex line is
Here v n and v L are the velocities of the normal fluid and the vortex core, andω is a unit vector along the vortex core. In our case, with the cryostat stationary during measurements, 
where in the last step we neglect R w in comparison with R. The value of γ o is found from experiments on vortex rings, which have no end to interact with a container wall [14] . Even using the 400 mK value, γ o = 1.4 × 10 −12 g/cm s, [15] , gives dissipation of only 1.6 × 10 −18 erg/s for a precession period of 200 seconds, eight orders of magnitude smaller than the observed dissipation. The slight entrainment of the normal fluid, which we have neglected, would further reduce the dissipation.
At low temperature, scattering of a moving vortex from solvated 3 He atoms dwarfs the effects of superfluid excitations. According to the vortex ring experiments [15] , 3 He atoms add 3 4 √ 2πm * kT n 3 σ 3 to γ o . Here m * = 2.5m 3 and n 3 are the effective mass and number density of the 3 He atoms, and σ 3 = 1.8 × 10 −7 cm is a scattering length found from the measurements. If our helium has the natural abundance of 3 He, 1.4 × 10 −4 percent, the additional contribution to γ o is 2.7 × 10 −10 g/cm s at 400 mK, still far too small to explain the observations. The much lower damping on vortex rings than on our precessing vortex suggests that our main energy loss comes from the ends of the vortex rather than the free segment. The only previous measurements of vortex-boundary interactions involve abrupt changes to a cylindrical container's angular velocity [16] . As the superfluid returns to equilibrium with the cylinder, vortices move radially, their ends brushing along the top and bottom walls. Two damping mechanisms occur, distinguished by their velocity dependences.
For a smooth wall, the damping is a friction-like force, with magnitude proportional to the speed of the vortex core. This force may come from mutual friction between the vortices and normal fluid near the top and bottom surfaces that begins rotating immediately from friction with the cell walls. In our measurements the cell and normal fluid are stationary, and mutual friction acts on the entire length of the free vortex. However, as shown above, bulk mutual friction below 400 mK cannot explain our measurements.
For a rough wall, on which pinning of the vortex core becomes important, an additional velocity-independent contribution appears [16] . The vortex may pin to bumps on the cell wall. It then bends toward the wall, and may eventually pull free. The maximum force it can exert is its line energy, u f ≈ −10 erg/s. This mechanism is consistent with our observed energy loss, since a vortex at an angle to the wall would produce less dissipation. This could occur if the vortex pulls free before bending completely parallel to the wall or if the vortex relaxes away from the wall while it moves between pinning sites. Furthermore, the decay rates in cell B are more than a factor of 5 slower than those of cell A, as expected if cell B has smoother walls and the wall interaction is the dominant source of energy loss.
When temperature dependence is considered, a new puzzle appears. The vortex line tension depends on temperature only through the superfluid density ρ s , which decreases monotonically with temperature. At our lowest temperature, ρ s essentially equals the total fluid density. Even at 1 K, ρ s is within 0.1% of its low-temperature limit.
Thus a wall-dominated mechanism should result in nearly temperature-independent dissipation, with a slight decrease in damping with increasing temperature. This is not what we observe. In fact, the damping increases sharply with increasing temperature in the low-temperature regime. Figure 3 shows a precessing vortex line, with temperature abruptly changed from 340 mK to 380 mK. When the temperature goes up, the precession continues but the background slope increases sharply. This would be expected for bulk dissipation [17] , since the mutual friction coefficient increases sharply with temperature. However, as argued above, the magnitude of bulk dissipation is far too small to account for our data. One explanation is that the pinning becomes more effective as temperature increases. The moving vortex exerts exactly the force needed to overcome the pinning, so the dissipation is proportional to the pinning strength. In the extreme limit where the vortex can no longer move, the dissipation vanishes, as shown in Figure 2 .
From the inset of Figure 3 , the decay rate rises steadily with temperature to above 500 mK. The attachment point of the partial vortex moves at roughly the same speed for transitions between < κ >= 1 and < κ >= 0 (•) as between < κ >= 2 and < κ >= 1 (•), as expected for dissipation from line tension. The energy change per length is three times as large in the latter case; but the vortex travels three times farther because of the faster precession period.
We suggest that the interaction of the vortex with the wire's vibrations may explain our unusual temperature dependence. The data is from cell B, at 400 mK and constant initial amplitude. The inset shows the time constant for wire B's damping as a function of temperature.
As shown in Figure 4 , the excitation of the wire itself strongly influences the decay rate. On increasing the time between measurements, the decay rate increases sharply. Decreasing the excitation amplitude has a similar effect. If the vibration of the wire were simply heating the fluid, the decay rate should change in the opposite direction. One indication that the wire's vibration counters the usual dissipation mechanism rather than transfering its energy to the trapped vortex by some other method is that while we can essentially halt the attachment point's descent by exciting the wire more strongly and more often, we have never been able to push the vortex farther onto the wire.
As the wire vibrates, the end of the free vortex lying on the wire is forced to move with it. This motion excites a Kelvin wave, an oscillation along the free vortex. If the oscillation extends to the far end of the vortex with significant amplitude, it may help the vortex to wriggle free from pinning sites on the wall. The lowest mode for our cell has frequency about 30 mHz. We see this mode in the very rare cases when the vortex pins at low temperature, and the frequency is consistent with computer simulations [13] as well. Since frequency goes roughly as the square of the wave number [18] , the mode at the wire's vibration frequency of 360 Hz has about 100 nodes.
Once the vortex pulls free from a pin site, its shape is distorted from the usual precession configuration. Damped Kelvin oscillations, primarily the lowest mode, restore it. However, if the next pin site is encountered on a time scale short compared to the lowest mode's period of 30 seconds, then the end of the vortex effectively remains bent nearly parallel to the wall. On the other hand, the Kelvin waves generated by the wire have frequency 10,000 times larger, and a vortex may complete several oscillation periods between pin sites. The end of the vortex closely approaches the wall during each oscillation, but its average position makes a larger angle. By changing the average angle, the higher-frequency Kelvin mode reduces average dissipation from line tension, which explains the temperature-dependence of the dissipation.
The Kelvin oscillations could be more pronounced at low temperatures. As temperature increases, the wire's oscillations damp faster and it excites the vortex less. The inset of Figure 4 shows the damping of the wire as a function of temperature. Once excited, Kelvin waves on the free vortex segment are also more heavily damped at high temperatures. Considering both these effects, the oscillation amplitude transmitted to the end of the vortex at the wall should decrease substantially with temperature.
In conclusion, we find an increase in vortex pinning with temperature for a single vortex pinned only at one end. Our further plans include experiments with smoother and better characterized cell walls, and tests of the effects of Kelvin oscillations by exciting the wire at different frequencies between measurements. Our measurement technique allows a quantitative study of the interaction between a vortex and a single pin site, which underlies vortex phenomena in superconductors and neutron stars as well as in liquid helium.
We thank C. Olson, C. Reichhardt, and D. Thouless for helpful conversations, and UC Davis for funding.
